Nomenclature
Regarding the main properties specific volume v, specific enthalpy h, specific isobaric heat capacity c p , speed of sound w, and saturation pressure p s , the basic equations represent the corresponding values from the "IAPWS Formulation 1995 for the Thermodynamic Properties of Ordinary Water Substance for General and Scientific Use" [3] (hereafter abbreviated to IAPWS-95) to within the tolerances specified for the development of the corresponding equations; details of these requirements and their fulfillment are given in the comprehensive paper on IAPWS-IF97 [2] . The basic equations for regions 1 and 3 also yield reasonable values for the metastable states close to the stable regions. For region 2 there is a special equation for the metastable-vapor region. Along the region boundaries the corresponding basic equations are consistent with each other within specified tolerances; for details see The estimates of uncertainty of the most relevant properties calculated from the corresponding equations of IAPWS-IF97 are summarized in Section 12.
Reference Constants
The specific gas constant of ordinary water used for this formulation is R = 0.461 526 kJ kg
This value results from the recommended values of the molar gas constant [4] , and the molar mass of ordinary water [5, 6] . The values of the critical parameters T c = 647.096 K (2) p c = 22.064 MPa (3) r c = 322 kg m -3 (4) are from the corresponding IAPWS release [7] .
Auxiliary Equation for the Boundary between Regions 2 and 3
The boundary between regions 2 and 3 (see Fig. 1 ) is defined by the following simple quadratic pressure-temperature relation, the B23-equation
where p = p/p * and q = T / T * with p * = 1 MPa and T * = 1 K. The coefficients n 1 to n 3 of Eq. (5) are listed in Table 1 . Equation (5) 
with q and p defined for Eq. (5) and the coefficients n 3 to n 5 listed in Table 1 . Equations (5) and (6) cover the range from 623.15 K at a pressure of 16.5292 MPa to 863.15 K at 100 MPa. For computer-program verification, Eqs. (5) and (6) 
Equations for Region 1
This section contains all details relevant for the use of the basic and backward equations of IAPWS-IF97 and IFC-67 are given in Section 11. The estimates of uncertainty of the most relevant properties can be found in Section 12.
Basic Equation
The basic equation for this region is a fundamental equation for the specific Gibbs free energy g. This equation is expressed in dimensionless form, g = g/(RT ), and reads 
where p = p/p * and t = T * /T with p * = 16.53 MPa and T * = 1386 K ; R is given by Eq. (1).
The coefficients n i and exponents I i and J i of Eq. (7) are listed in Table 2 .
All thermodynamic properties can be derived from Eq. (7) by using the appropriate combinations of the dimensionless Gibbs free energy and its derivatives. Relations between the relevant thermodynamic properties and g and its derivatives are summarized in Table 3 .
All required derivatives of the dimensionless Gibbs free energy are explicitly given in Table 4 .
Since the 5th International Conference on the Properties of Steam in London in 1956, the specific internal energy and the specific entropy of the saturated liquid at the triple point have been set equal to zero:
In order to meet this condition at the temperature and pressure of the triple point
the coefficients n 3 and n 4 in Eq. (7) have been adjusted accordingly. As a consequence, Eq. (7) yields for the specific enthalpy of the saturated liquid at the triple point 
Range of validity Equation (7) covers region 1 of IAPWS-IF97 defined by the following range of temperature and pressure; see Fig. 1 :
In addition to the properties in the stable single-phase liquid region, Eq. (7) also yields reasonable values in the metastable superheated-liquid region close to the saturated liquid line.
Note: For temperatures between 273.15 K and 273.16 K at pressures below the melting pressure [10] (metastable states) all values are calculated by extrapolation from Eqs. (7) and (30).
Computer-program verification
To assist the user in computer-program verification of Eq. (7), Table 5 contains test values of the most relevant properties. a It is recommended to verify programmed functions using 8 byte real values for all three combinations of T and p given in this table.
Backward Equations
For the calculation of properties as function of p,h or of p,s without any iteration, the two backward equations require extremely good numerical consistency with the basic equation.
The exact requirements for these numerical consistencies were obtained from comprehensive test calculations for several characteristic power cycles. The result of these investigations, namely the assignment of the tolerable numerical inconsistencies between the basic equation, Eq. (7), and the corresponding backward equations, is given in Eqs. (12) and (14), respectively.
The Backward Equation T ( p, h )
The backward equation T ( p,h ) for region 1 has the following dimensionless form:
where q = T/T * , p = p/p * , and h = h/h * with T * = 1 K , p * = 1 MPa, and h * = 2500 kJ kg
The coefficients n i and exponents I i and J i of Eq. (11) are listed in Table 6 . 
Range of validity
Equation (11) covers the same range of validity as the basic equation, Eq. (7), except for the metastable region (superheated liquid), where Eq. (11) is not valid.
Numerical consistency with the basic equation
For ten million random pairs of p and h covering the entire region 1, the differences ∆T between temperatures from Eq. (11) and from Eq. (7) were calculated and the absolute maximum difference |∆T | max and the root-mean-square difference ∆T RMS were determined.
These actual inconsistency values and the tolerated value |∆T | tol (see the beginning of Section 5.2) amount to:
|∆T | tol = 25 mK ; ∆T RMS = 13.4 mK ; |∆T | max = 23.6 mK .
Computer-program verification
To assist the user in computer-program verification of Eq. (11), Table 7 contains the corresponding test values. for all three combinations of p and h given in this table.
The Backward Equation T ( p, s )
The backward equation T ( p,s ) for region 1 has the following dimensionless form:
where q = T/T * , p = p/p * , and s = s/s * with T * = 1 K , p * = 1 MPa, and s * = 1 kJ kg
The coefficients n i and exponents I i and J i of Eq. (13) are listed in Table 8 . 
Numerical consistency with the basic equation
For ten million random pairs of p and s covering the entire region 1, the differences ∆T between temperatures from Eq. (13) and from Eq. (7) were calculated and the absolute maximum difference |∆T | max and the root-mean-square difference ∆T RMS were determined.
These actual differences and the tolerated value |∆T | tol (see the beginning of Section 5.2) amount to:
|∆T | tol = 25 mK ; ∆T RMS = 5.8 mK ; |∆T | max = 21.8 mK .
Computer-program verification
To assist the user in computer-program verification of Eq. (13), Table 9 contains the corresponding test values. 
Equations for Region 2
This section contains all details relevant for the use of the basic and backward equations of 
Basic Equation
The basic equation for this region is a fundamental equation for the specific Gibbs free energy g. This equation is expressed in dimensionless form, g = g/( RT ), and is separated into two parts, an ideal-gas part g o and a residual part g r , so that were adjusted in such a way that the values for the specific internal energy and specific entropy in the ideal-gas state relate to Eq. (8). The form of the residual part g r of the dimensionless Gibbs free energy is as follows:
where p = p/p * and t = T * /T with p * = 1 MPa and T * = 540 K. The coefficients n i and exponents I i and J i of Eq. (17) are listed in Table 11 . Table 12 .
All required derivatives of the ideal-gas part and of the residual part of the dimensionless Gibbs free energy are explicitly given in Table 13 and Table 14 , respectively. Property Relation
Specific volume
Specific internal energy
Specific entropy
0 5 3 8 3 8 
In addition to the properties in the stable single-phase vapor region, Eq. (15) also yields reasonable values in the metastable-vapor region for pressures above 10 MPa. Equation (15) is not valid in the metastable-vapor region at pressures p ≤ 10 MPa; for this part of the metastable-vapor region see Section 6.2.
Note: For temperatures between 273.15 K and 273.16 K at pressures above the sublimation pressure [10] (metastable states) all values are calculated by extrapolation from Eqs. (15) and (30).
Computer-program verification
To assist the user in computer-program verification of Eq. (15), Table 15 contains test values of the most relevant properties. 
Supplementary Equation for the Metastable-Vapor Region
As for the basic equation, Eq. (15), the supplementary equation for a part of the metastablevapor region bounding region 2 is given in the dimensionless form of the specific Gibbs free energy, g = g/( RT ), consisting of an ideal-gas part g o and a residual part g r , so that 
where p = p/p * and t = T * /T with R given by Eq. (1). Table 16 .
Note: In the metastable-vapor region there are no experimental data to which an equation can be fitted. Thus, Eq. (18) is only based on input values extrapolated from the stable single-phase region 2. These extrapolations were performed with a special low-density gas equation [11] considered to be more suitable for such extrapolations into the metastable-vapor region than IAPWS-95 [3] . Table 12 .
All required derivatives of the ideal-gas part and of the residual part of the dimensionless Gibbs free energy are explicitly given in Table 13 and Table 17 , respectively. 
Range of validity
Equation (18) is valid in the metastable-vapor region from the saturated vapor line to the 5 % equilibrium moisture line (determined from the equilibrium h′ and h′′ values) at pressures from the triple-point pressure, see Eq. (9), up to 10 MPa.
Consistency with the basic equation
The consistency of Eq. (18) These maximum inconsistencies are clearly smaller than the consistency requirements on region boundaries corresponding to the so-called Prague values [13] , which are given in Section 10.
Along the 10 MPa isobar in the metastable-vapor region, the transition between Eq. (18) and Eq. (15) is not smooth, which is however, not of importance for practical calculations.
Computer-program verification
To assist the user in computer-program verification of Eq. (18), Table 18 contains test values of the most relevant properties. 
Backward Equations
For 
with p and h according to Eq. (20) and the coefficients n 3 to n 5 listed in Table 19 . Equations .
The Backward Equations T( p, h ) for Subregions 2a, 2b, and 2c
The backward equation T( p,h ) for subregion 2a in its dimensionless form reads Table 20 . Table 21 . The coefficients n i and exponents I i and J i of Eq. (24) are listed in Table 22 . 
Numerical consistency with the basic equation
For ten million random pairs of p and h covering each of the subregions 2a, 2b, and 2c, the differences ∆T between temperatures calculated from Eqs. (22) to (24), respectively, and from Eq. (15) were determined. The corresponding maximum and root-mean-square differences are listed in Table 23 together with the tolerated differences according to the numerical consistency requirements with respect to Eq. (15). 
The Backward Equations T( p, s ) for Subregions 2a, 2b, and 2c
The 
where q = T/T * , p = p/p * , and s = s/s * with T * = 1 K , p * = 1 MPa, and s * = 2 kJ kg
The coefficients n i and exponents I i and J i of Eq. (25) are listed in Table 25 . Table 26 . where q = T/T * , p = p/p * , and s = s/s * with T * = 1 K , p * = 1 MPa, and s * = 2.9251 kJ kg
The coefficients n i and exponents I i and J i of Eq. (27) are listed in Table 27 . 
Range of validity
Equations (25) 
Numerical consistency with the basic equation
For ten million random pairs of p and s covering each of the subregions 2a, 2b, and 2c, the differences ∆T between temperatures calculated from Eqs. (25) to (27), respectively, and from Eq. (15) were determined. The corresponding maximum and root-mean-square differences are listed in Table 28 together with the tolerated differences according to the numerical consistency requirements with respect to Eq. (15). 
Computer-program verification
To assist the user in computer-program verification of Eqs. (25) to (27) where d = r /r * , t = T * /T with r * = r c , T * = T c and R, T c , and r c given by Eqs. (1), (2), and (4). The coefficients n i and exponents I i and J i of Eq. (28) are listed in Table 30 .
In addition to representing the thermodynamic properties in the single-phase region, Eq. (28) meets the phase-equilibrium condition (equality of specific Gibbs free energy for coexisting vapor + liquid states; see Table 31 ) along the saturation line for T ≥ 623.15 K to T c .
Moreover, Eq. (28) reproduces exactly the critical parameters according to Eqs. (2) to (4) and yields zero for the first two pressure derivatives with respect to density at the critical point. All thermodynamic properties can be derived from Eq. (28) by using the appropriate combinations of the dimensionless Helmholtz free energy and its derivatives. Relations between the relevant thermodynamic properties and f and its derivatives are summarized in Table 31 . All required derivatives of the dimensionless Helmholtz free energy are explicitly given in Table 32 . Range of validity Equation (28) covers region 3 of IAPWS-IF97 defined by the following range of temperature and pressure, see Fig. 1 :
In addition to the properties in the stable single-phase region defined above, Eq. (28) also yields reasonable values in the metastable regions (superheated liquid and subcooled steam)
close to the saturated liquid and saturated vapor line.
To assist the user in computer-program verification of Eq. (28), Table 33 contains test values of the most relevant properties. with p * = 1 MPa and T * = 1 K; for the coefficients n 1 to n 10 see Table 34 .
The Saturation-Pressure Equation (Basic Equation)
The solution of Eq. (29) with regard to saturation pressure is as follows: Table 34 . Equations (29) to (31) reproduce exactly the p-T values at the triple point according to
Eq. (8), at the normal boiling point [12] and at the critical point according to Eqs. (2) and (3).
Range of validity
Equation (30) is valid along the entire vapor-liquid saturation line from the triple-point temperature T t to the critical temperature T c and can be simply extrapolated to 273.15 K so that it covers the temperature range 273.15 K ≤ T ≤ 647.096 K .
Computer-program verification
To assist the user in computer-program verification of Eq. (30), Table 35 contains test values for three selected temperatures. 
The Saturation-Temperature Equation (Backward Equation)
The saturation-temperature solution of Eq. (29) Table 34 .
Range of validity
Equation ( 
Computer-program verification
To assist the user in computer-program verification of Eq. (31), Table 36 contains test values for three selected pressures. were adjusted in such a way that the values for the specific internal energy and specific entropy in the ideal-gas state relate to Eq. (8). The form of the residual part g r of the dimensionless Gibbs free energy is as follows:
where p = p/p * and t = T * /T with p * = 1 MPa and T * = 1000 K. The coefficients n i and exponents I i and J i of Eq. (34) are listed in Table 38 .
All thermodynamic properties can be derived from Eq. (32) by using the appropriate combinations of the ideal-gas part g Table 39 .
All required derivatives of the ideal-gas part and of the residual part of the dimensionless Gibbs free energy are explicitly given in Table 40 and Table 41 , respectively. In this range Eq. (32) is only valid for pure undissociated water, any dissociation will have to be taken into account separately.
To assist the user in computer-program verification of Eq. (32), Table 42 contains test values of the most relevant properties. 
Consistency at Region Boundaries
For any calculation of thermodynamic properties of water and steam across the region boundaries, the equations of IAPWS-IF97 have to be sufficiently consistent along the corresponding boundary. For the properties considered in this respect, this section presents the achieved consistencies in comparison to the permitted inconsistencies according to the socalled Prague values [13] .
Consistency at Boundaries between Single-Phase Regions
For the boundaries between single-phase regions the consistency investigations were performed for the following basic equations and region boundaries; see Fig. 1 :
• Equations (7) and (28) • Equations (15) and (28) • Equations (15) and (32) with respect to the 1073.15 K isotherm for p ≤ 10 MPa corresponding to the boundary between regions 2 and 5.
The results of the consistency investigations for these three region boundaries are summarized in Table 43 . In addition to the permitted inconsistencies corresponding to the Prague values [13] , the actual inconsistencies characterized by their maximum and root-meansquare values, ∆ x max and ∆ x RMS , along the three boundaries are given for x = v, h, c p , s, g, and w. It can be seen that the inconsistencies between the basic equations along the corresponding region boundaries are extremely small. 
Consistency at the Saturation Line
The consistency investigations along the vapor-liquid saturation line were performed for the properties p s , T s , and g. The calculations concern the following basic equations and ranges of the saturation line, see Fig. 1 ; the way of calculating the inconsistencies D p s , DT s , and Dg is also given:
• Equations (7), (15) • Equations (28) • Equations (7), (15) The results of these consistency investigations along the saturation line are summarized in Table 44 . In addition to the permitted inconsistencies corresponding to the Prague values [13] , the actual inconsistencies characterized by their maximum and root-mean-square values, ∆ x max and ∆ x RMS , for the two sections of the saturation line are given for x = p s , T s and g.
It can be seen that the inconsistencies between the basic equations for the corresponding singlephase region and the saturation-pressure equation are extremely small. This statement also holds for the fundamental equations, Eqs. (7), (15), and (28), among one another and not only in relation to the saturation-pressure equation, Eq. (30), see the last column in Table 44 . 
Computing Time of IAPWS-IF97 in Relation to IFC-67
A very important requirement for IAPWS-IF97 was that its computing speed in relation to IFC-67 should be significantly faster. The computation-speed investigations of IAPWS-IF97 in comparison with IFC-67 are based on a special procedure agreed to IAPWS.
The computing times were measured with a benchmark program developed by IAPWS; this program calculates the corresponding functions at a large number of state points well distributed proportionately over each region. The test configuration agreed on was a PC Intel 486 DX 33 processor and the MS Fortran 5.1 compiler. The relevant functions of IAPWS-IF97 were programmed with regard to short computing times. The calculations with IFC-67 were carried out with the ASME program package [14] speeded up by excluding all parts which were not needed for these special benchmark tests.
The measured computing times were used to calculate computing-time ratios IFC-67 / I A P W S -IF97, called CTR values in the following. These CTR values, determined in a different way for regions 1, 2, and 4 (see Section 11.1) and for regions 3 and 5 (see Section 11.2), are the characteristic quantities for the judgment of how much faster the calculations with IAPWS-IF97 are in comparison with IFC-67. Metastable states are not included in these investigations.
Computing-Time Investigations for Regions 1, 2, and 4
The computing-time investigations for regions 1, 2, and 4, which are particularly relevant to computing time, were performed for the functions listed in Table 45 . Each function is associated with a frequency-of-use value. Both the selection of the functions and the values for the corresponding frequency of use are based on a worldwide survey made among the power plant companies and related industries.
For the computing-time comparison between IAPWS-IF97 and IFC-67 for regions 1, 2, and 4, the total CTR value of these three regions together was the decisive criterion, where the frequencies of use have to be taken into account. The total CTR value was calculated as follows: As has been described before, the computing times for each function were determined for IFC-67 and for IAPWS-IF97. Then, these values were weighted by the corresponding frequencies of use and added up for the 16 functions of the three regions. The total CTR value is obtained from the sum of the weighted computing times for IFC-67 divided by the corresponding value for IAPWS-IF97. The total CTR value for regions 1, 2, and 4 amounts to CTR regions 1, 2, 4 = 5.1 .
This means that for regions 1, 2, and 4 together the property calculations with IAPWS-IF97 are more than five times faster than with IFC-67. If a faster processor than specified above is used for the described benchmark tests, similar CTR values are obtained. A corresponding statement is also valid for other compilers than the specified one.
Computing-Time Investigations for Regions 3 and 5
For regions 3 and 5 the CTR values only relate to single functions and are given by the quotient of the computing time needed for IFC-67 calculation and the computing time when using IAPWS-IF97; there are no frequency-of-use values for functions relevant to these two regions. Roughly speaking, IAPWS-IF97 is more than three times faster than IFC-67 for region 3 and more than nine times faster for the 1073.15 K isotherm where region 5 overlaps IFC-67. 
Estimates of Uncertainties
Estimates have been made of the uncertainty of the specific volume, specific isobaric heat capacity, speed of sound, and saturation pressure when calculated from the corresponding equations of IAPWS-IF97. These estimates were derived from the uncertainties of IAPWS-95 [3] , from which the input values for fitting the IAPWS-IF97 equations were calculated, and in addition by taking into account the deviations between the corresponding values calculated from IAPWS-IF97 and IAPWS-95. Since there is no reasonable basis for estimating the uncertainty of specific enthalpy (because specific enthalpy is dependent on the selection of the zero point, only enthalpy differences of different size are of interest), no uncertainty is given for this property. However, the uncertainty of isobaric enthalpy differences is smaller than the uncertainty in the isobaric heat capacity.
For the single-phase region, tolerances are indicated in Figs. 3 to 5 which give the estimated uncertainties in various areas. As used here "tolerance" means the range of possible values as judged by IAPWS, and no statistical significance can be attached to it. With regard to the uncertainty for the speed of sound and the specific isobaric heat capacity, see Figs. 4 and 5, it should be noted that the uncertainties for these properties increase drastically when approaching the critical point. The statement "no definitive uncertainty estimates possible" for temperatures above 1273 K is based on the fact that this range is beyond the range of validity of IAPWS-95 and the corresponding input values for IAPWS-IF97 were extrapolated from IAPWS-95. From various tests of IAPWS-95 [3] it is expected that these extrapolations yield reasonable values.
For the saturation pressure, the estimate of uncertainty is shown in Fig. 6 . 
